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Cracking ICRAC in the eye
Capacitative Ca2+ entry produces the very rapid light response in Drosophila
photoreceptors; studies using this amenable system may help unravel the
machinery and mechanisms that underlie this Ca2+-entry pathway.
The debt owed by researchers in the Ca2 +-signalling field
to insects is incalculable. Studies on the blowfly in the
early 1980s led to the identification of inositol 1,4,5-
trisphosphate (InsP 3) as a Ca2+-mobilizing intracellular
messenger [1]. Now, nearly 15 years on, studies using
insect tissue may have provided an important break-
through in the study of capacitative Ca2 + entry - the
Ca2 +-entry pathway of eukaryotic cells that is associated
with depletion of intracellular Ca2 + stores.
Several key issues regarding the nature of the capacitative
Ca2+-entry pathway remain unresolved. For example, the
mechanism linking store depletion with activation of
Ca2 + entry is hotly debated [2-4]. Two models have been
proposed to explain how the depletion signal is transmit-
ted from the store lumen to the plasma membrane Ca2 +
channels (reviewed in [3-5]). One proposes that a dif-
fusible messenger, the so-called Ca2+ influx factor or
CIF, is released into the cytosol upon Ca2+-store deple-
tion. The conformational-coupling model proposes that
the Ca2 +-entry channel may be linked to, and gated by, a
protein-protein interaction with the InsP 3 receptor [3].
The molecular identification and characterization of the
capacitative Ca2 +-entry channels will be central to
resolving this issue. Recent work from the laboratories of
Baruch Minke, Roger Hardie and Bill Schilling has iden-
tified two Drosophila photoreceptor proteins as candidates
for capacitative-entry channels.
Phototransduction in Drosophila
Light stimulation of invertebrate photoreceptors initiates
a cascade of events that culminates in the opening of
cation-selective channels in the plasma membrane and
depolarization of the receptor potential [6]. In Drosophila,
this is mediated by the phosphoinositide signalling path-
way. Photons activate rhodopsin, which in turn catalyzes
the dissociation of a heterotrimeric G protein. This
results in activation of phospholipase C, and the subse-
quent rise in cytosolic InsP3 concentration evokes Ca2+
entry. The influx of Ca2 + (and Na+) produces a sustained
depolarization of the receptor potential.
Studies of mutant flies have provided a substantial
amount of information on Drosophila phototransduction.
In the trp (transient receptor potential) mutant, the
receptor potential is only transiently depolarized; the
photoreceptors are unable to sustain the Ca2+ entry com-
ponent. This has led to the proposal that the trp gene
product (TRP) is a light-activated Ca2 + channel [7,8].
The trp gene has been cloned and found to encode a
protein of 1275 amino acids with six putative membrane-
spanning regions [9]. A second putative channel
expressed in Drosophila photoreceptors has been cloned
and termed TRPL (transient receptor potential-like),
because it shows substantial (40 %) amino-acid identity
with TRP and also has six putative transmembrane
regions [8]. The transmembrane regions of both proteins
show some amino-acid sequence homology to the volt-
age-operated Ca2+ channel ot subunit, although they lack
the arginine residues of the S4 region which are thought
to act as voltage sensors. Interestingly, both TRP and
TRPL contain one or more calmodulin binding sites,
suggesting a role for Ca2 +/calmodulin in channel activa-
tion or regulation. They also contain an ankyrin-repeat
motif, which in other proteins is believed to represent a
site for protein-protein interactions such as cytoskeletal
attachments.
The observation that trp mutant flies show a residual
transient membrane depolarization [7] has led to the
speculation that trp encodes a Ca2+-selective channel
responsible for the sustained membrane current, whereas
trpl encodes a cation channel responsible for the transient
component [6,8]. This, idea is supported by expression
studies in insect Sf9 cells, which show that TRP and
TRPL form functional channels, with each displaying a
distinct ionic permeability profile; TRP channels were
found to be highly Ca2 + permeable, whereas TRPL gen-
erated a non-selective cation permeable channel [10,11].
In addition, in wild-type photoreceptors the Ca2 +-selec-
tive sustained membrane current can be blocked by La 3+
ions, whereas the transient component is La3+ insensitive.
This La3+-insensitive current is similar in ion selectivity
and activation time course to that seen after stimulation
of the trp mutant [7]. These data, together with the
observation that TRPL has a low sensitivity to La3 + [12],
are consistent with the proposal that TRPL is responsible
for the residual current seen in the trp mutant.
Are TRP and TRPL capacitative Ca2+-entry channel proteins?
The findings that phototransduction is mediated by the
phosphoinositide cascade in Drosophila, and that the light-
sensitive channels are particularly permeable to Ca2 +,
suggest an analogy with the capacitative Ca2 +-entry
phenomenon described in non-excitable mammalian cells
[2-4]. Capacitative Ca2 + entry can be activated experi-
mentally in non-excitable mammalian cells by a variety
of physiological agonists or pharmacological agents
which share the common property of depleting the
intracellular Ca2+ stores. Examples of such agonists/agents
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are extracellular hormones, InsP 3, the sarcoplasmic/endo-
plasmic reticulum Ca2+-ATPase pump inhibitor thapsi-
gargin, and the Ca2 + ionophore ionomycin. Application
of thapsigargin to Drosophila photoreceptors fails to acti-
vate the light-sensitive current [13], but several studies do
suggest that a capacitative Ca2+ entry-like mechanism may
underlie activation of this current in Drosophila. Hardie
[5,14] reported that the Ca2 + ionophore ionomycin can
activate the light-sensitive channels in the absence of
extracellular Ca2+ and in the presence of high intracellular
concentrations of the Ca 2+ buffer BAPTA. Under these
conditions, internal Ca2 + stores should be depleted with-
out any change in the cytosolic Ca2+ concentration.
The TRP and TRPL expression studies of Schilling and
colleagues [10-12,15,16] have provided further evidence
that a capacitative entry mechanism underlies activation
of the light-sensitive current. Although thapsigargin
appears ineffective in Drosophila photoreceptors, expres-
sion of TRP in insect Sf9 cells [10] or Xenopus oocytes
[17] results in a TRP-dependent conductance that can be
activated by thapsigargin-induced Ca2+-store depletion.
The failure of thapsigargin to activate channels in situ
may indicate that the specialized internal Ca2+ stores -
the submicrovillar cisternae - have a thapsigargin-insen-
sitive Ca2 +-sequestering mechanism, or that they have a
very modest Ca2+ leak component.
There is evidence suggesting that the sensitivity of TRP
to thapsigargin-induced Ca2 +-store depletion resides
somewhere in the carboxy-terminal region of the pro-
tein. For example, the carboxy-terminal tail of TRP is
absent from TRPL and thapsigargin does not activate a
TRPL-dependent current [10,12,16]. Studies using
chimeric constructs in which the carboxy-terminal
domains of TRP and TRPL were exchanged yielded a
TRP-TRPL hybrid construct which had the ionic per-
meability of TRP but which could not be activated by
thapsigargin [15]. These observations would be consis-
tent with the idea that the carboxy-terminal domain
plays an important role in sensing the repletion state of
the internal Ca2 + store [10]. Additionally, the carboxy-
terminal domain of TRP contains an unusual proline-
rich sequence in which the dipeptide Lys-Pro is repeated
twenty-seven times and the highly charged sequence
DKDKKP(A/G)D is repeated nine times. A similar pro-
line-rich region in the bacterial protein TonB is thought
to provide a mechanical linkage between proteins in the
inner and outer cell membranes.
These observations led Schilling to speculate [10] that the
proline-rich region of TRP may link the activity of the
InsP3 receptor with that of the surface membrane TRP
channel, by spanning the small gap between the plasma
membrane and the Ca2+-store membrane (Fig. 1). The
recent finding that TRP is localized to the area of the
plasma membrane adjacent to the internal Ca2 + stores in
Drosophila photoreceptors is consistent with this idea [18].
These observations tend to favour a conformational-
coupling mechanism, but it is important to note that
current experimental evidence does not rule out the pos-
sibility that the carboxy-terminal domain of TRP
includes a region that interacts with the putative CIE
Clearly, further studies with the chimeric constructs, in
addition to the identification of CIF, will be required to
carry this work forward.
The TRPL channel protein may be responsible for the
residual (transient) current seen in the trp mutant.
Expression studies have revealed that a TRPL-depen-
dent, non-selective cation current is constitutively active
in Sf9 cells and cannot be further activated by thapsigar-
gin-induced Ca2 +-store depletion [10-12,16]. Although
this argues against TRPL activation by store depletion, it
does not necessarily rule out a role for TRPL in capa-
citative Ca2 + entry. In this respect, it is important to
emphasize that, although store depletion is usually an
effective method for activating capacitative influx path-
ways experimentally, there is no direct evidence that this
is the physiological signal for channel activation. For
example, it is possible that the influx pathway may be
triggered by InsP 3 alone.
Interestingly, expression studies have shown that, while
the TRPL cation channel is insensitive to store depletion
and a rise in cytosolic Ca2+ concentration, it can be acti-
vated by InsP3 [16] (and surface-receptor stimulation
[16,19]) in a heparin-sensitive manner. The mechanism
of TRPL-channel regulation by InsP 3 is unknown, but
possibilities include direct binding of InsP 3 to the TRPL
channel or a conformational-coupling mechanism
involving a physical interaction between the InsP 3 recep-
tor and the TRPL protein [16]. This could be mediated
through the ankyrin-binding region in the InsP 3 receptor
and the ankyrin-like motif in TRPL (Fig. 1). In this
scenario, the idea is that InsP 3 activates influx without (or
before) promoting internal Ca2+ release [4,5].
One possibility, therefore, is that the light-activated con-
ductance in Drosophila photoreceptors is initiated through
a TRPL channel, which is activated directly by InsP 3,
and then sustained by a TRP-dependent current once
sufficient store depletion has occurred. Such a mecha-
nism may explain the very short (-7 milliseconds) laten-
cies that precede the light-activated inward current. It
should be borne in mind, however, that it seems likely
that the native light-activated channel in Drosophila is
composed of multiple (probably four) subunits. Whether
the native channels are homomultimers (for example,
four TRP subunits) or heteromultimers including sub-
units encoded by both trp and trpl is unclear [5].
Are TRP and TRPL homologous to mammalian capacitative
Ca2+-entry channels?
To distinguish it from other entry pathways, Hoth and
Penner [20] termed the current flowing through capaci-
tative Ca2 +-entry channels in mammalian cells the cal-
cium-release-activated current (ICRAC). ICRAC has an
unusually low conductance (-20 fS [21]), approximately
1000-fold lower than the conductance of most ion
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Fig. 1. How TRP and TRPL channels may interact with the InsP3 receptor to mediate capacitative Ca2 + entry. (a) The hydrophilic car-boxy-terminal proline-rich domain of TRP (green) may play a key role in sensing the repletion state of the internal Ca2 + store; it may
span the short gap between the plasma membrane and the store membrane, thereby linking the activities of the lnsP3 receptor and TRP.The InsP 3 receptor may also interact mechanically via its ankyrin-binding motif (AB) with the ankyrin-like motifs (AL) of the TRP/TRPL.(b) TRPL is not activated by thapsigargin-induced store depletion, perhaps because it lacks the carboxy-terminal proline-rich domain.
TRPL channels can be activated by InsP3, however, possibly by interaction between its ankyrin-like motif and the ankyrin-binding motif
of the InsP 3 receptor. C, calmodulin-binding site; Rpt, nine repeats of the sequence DKDKKP(A/G)D (TRP only).
channels. It is highly Ca2+-selective and can be inacti-
vated by high intracellular Ca2+ levels (Table 1) [22]. The
molecular identity of mammalian ICRAC is unknown.
Although there are clear differences between some of the
biophysical properties of ICRAC and those of TRP and
TRPL channels (Table 1), there are sufficient functional
similarities, particularly with respect to the mechanisms
of stimulation, to suggest that TRP and TRPL may be
members of a family of channels generally responsible for
the widespread phenomenon of capacitative Ca2+ entry.
In this respect, it is interesting that fragments of verte-
brate trp/trpl homologues have recently been identified in
mouse brain and Xenopus oocytes [17].
In summary, the molecular genetic potential of Drosophila
and the baculovirus Sf9 insect cell expression system are
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helping to unravel the machinery and mechanisms that
underlie the widespread phenomenon of capacitative Ca 2+
entry. Candidate proteins for entry channels have been
identified - TRP and TRPL - and the structure-func-
tion relationship necessary for their regulation by the
phosphoinositide signalling pathway is being studied.
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